We present the use of an oblique angle physical vapor deposition ͑OAPVD͒ technique with substrate rotation to obtain conformal thin films with enhanced step coverage on patterned surfaces. We report the results of ruthenium ͑Ru͒ films sputter deposited on trench structures with aspect ratio ϳ2 and show that OAPVD with an incidence angle less that 30°with respect to the substrate surface normal one can create a more conformal coating without overhangs and voids compared to that obtained by normal incidence deposition. A simple geometrical shadowing effect is presented to explain the results. The technique has the potential of extending the present PVD technique to future chip interconnect fabrication.
INTRODUCTION
Physical vapor deposition ͑PVD͒ has long time been one of the techniques of choice for metallization in integrated circuits. 1 In particular, sputter deposition has been widely used in the manufacturing of high-performance on-chip interconnect. However, due to the limitations of the PVD techniques, it is generally believed that the applicability of PVD for the next generations of ULSI ͑ultralarge scale integration͒ circuits is coming to an end. 2 During the fabrication of integrated circuits, films are often deposited on nonplanar surfaces with deep vias and trenches which are patterned into insulating layers called the interlayer dielectrics ͑ILD͒. The metal connecting lines at each layer can be formed by filling trenches and vias in the ILD. In ULSI, sputtering techniques are used to deposit a thin layer of diffusion barrier and/or adhesion layer ͑for example, the Ta and Ti families of refractory metal and their nitrides͒ and a Cu seed layer in the trenches and vias before the electroplating of Cu to create the interconnect lines. 1, 2 Film deposition through PVD on such wafers can, unfortunately, suffer from shadowing effects if the aspect ratio ͑AR͒ of the trenches and vias, which is defined as the ratio of the height to width of the structures, is sufficiently large ͑Ͼ1͒. Shadowing effects can cause, for example, poor step coverage on sidewalls and bottoms of trenches and vias, and can form overhanging structures at the top corners of the trenches and vias. These effects can lead to void formation when attempting to fill a surface feature. Figure 1͑a͒ illustrates an example of poor film conformality and sidewall coverage on a trench/via by a conventional PVD technique. Here, the incident flux is not directional and has an angular distribution. Due to the geometrical shadowing, the film is preferentially deposited on the top corners and the coverage is poor especially at the bottom corners of the trench/via. This results in the "overhang" on the top corners and "void ͑or seam͒" at the bottom corners.
Directional PVD ͑DPVD͒ ͑Refs. 1 and 3͒ and ionized PVD ͑IPVD͒ ͑Refs. 1 and 4͒ techniques have been used to mitigate the step-coverage problems associated with PVD. Common DPVD techniques include long-throw deposition and collimated sputter deposition. Long-throw deposition entails an increased target-to-substrate separation, while collimated sputter deposition uses a collimator cell disposed between a target and a substrate to filter obliquely incident atoms. Thus, a flux can be made more normal to the wafer by reducing flux divergence, and a greater portion of incident atoms can reach the bottom of features. DPVD, however, typically suffers from poor efficiency, high cost, and can still exhibit poor sidewall coverage and void formation for high AR structures.
3 Figure 1͑b͒ illustrates the poor step coverage observed in a typical DPVD. In Fig. 1͑b͒ , the incident flux is directional and normally incident to the substrate, it approaches to the sidewalls of the trench at high oblique angles ͑ϳ90°with respect to the sidewalls surface normal͒. Due to the shadowing effect, the film on the sidewalls is in the form of columnar, porous structure. 5 The incident atoms that pass through the opening of the trench but close to the top corners can be driven towards the trench walls and form the overhangs there. These again give rise to poor sidewall coverage and formation of voids.
In the IPVD, atoms approaching a substrate pass through a high-density plasma discharge, and a substantial portion of the atoms become ionized. A negative bias applied to the substrate attracts the ionized flux of atoms, increasing their directionality and energy in comparison with traditional PVD. When the energies of these ions are set to high enough values, they can resputter the overhangs to improve conformality. Resputtered atoms from the bottom of a trench or via can deposit on a nearby sidewall to further improve step coverage. The effectiveness of IPVD, however, is sensitive to atomic ionization rates and to the aspect ratio ͑AR͒ values of the patterned surface topography. As the circuit dimensions shrink and the aspect ratios of features increase, it is expected that even the IPVD would not be applicable for future interconnect applications.
In this paper, we present a study of step coverage evolution of films on trenches using an oblique angle physical vapor deposition ͑OAPVD͒ technique with substrate rotation. We will show that, by OAPVD, films can be deposited in a more conformal way avoiding serious overhangs and voids. The OAPVD simply combines a conventional PVD system with a tilted angle ͑with respect to the substrate surface normal͒ while rotating the substrate ͓Fig. 2͑a͔͒. The substrate tilt angle is chosen such that the particles obliquely incident on the patterned substrate can reach more uniformly to the sidewalls and bottom corners of the trenches/vias avoiding the shadowing effect ͓Fig. 1͑c͔͒. Therefore, the overall step coverage becomes more conformal, void-free, and has a better sidewall coverage. The required tilt angle in OAPVD is small ͑e.g., ϳ14°-27°for an AR= 2 pattern or ϳ7°-14°for AR= 4͒. The substrate rotation can provide a more uniform and conformal coating of the patterned wafers of complicated structures with vias and trenches oriented in different direction.
EXPERIMENT
In our experiment, a dc magnetron sputtering system was used to deposit the ruthenium ͑Ru͒ films. Details of the experimental setup have been described elsewhere. 6 Ru has been considered as a potential barrier material for ULSI. 7 The patterned substrate was silica-based dielectric trenches having a feature size of 225 nm on the top and 175 nm at the bottom with an ARϷ 2. The pattern on the substrate included orthogonal trenches of the same geometrical dimensions ͓Fig. 2͑b͔͒. The deposition was performed with a 99.95% pure Ru cathode with a diameter of 7.6 cm. The substrates were mounted on the sample holder located at a distance of about 18 cm from the cathode. The base pressure of ϳ7 ϫ 10 −7 Torr was achieved using a turbomolecular pump backed by a mechanical pump. In all the deposition experiments, the power was 200 W with an ultrapure Ar pressure of 2.0 mTorr.
In OAPVD, the substrate is attached to a stepper motor and rotated at a certain speed. 6 ͑In the present experiment it was 30 rpm.͒ The substrate is also tilted so that the angle between the surface normal of the target and the surface normal of the substrate can be set to an angle ͓Figs. 1͑c͒ and 2͑a͔͒. The substrate rotation allowed a uniform coating of all the trenches on the substrate. In the normal incidence deposition case, = 0°. The deposition rates on flat surfaces were measured to be ϳ17 nm/ min for = 0°, ϳ16 nm/ min for = 15°, and ϳ15 nm/ min for = 30°. The thickness and step coverage evolution of the films were investigated by cross-sectional scanning electron microscopy ͑SEM͒. No intentional heating was applied to the substrate and the maximum temperature of the substrate during the deposition was measured to be ϳ85°C.
RESULTS AND DISCUSSION
In Fig. 3 we compare some of the experimental results that we obtained for the Ru films sputter deposited at normal incidence and the OAPVD films with a tilted angle and rotating substrate for 7.5-and 15-min deposition time. As can be seen, Ru films deposited at normal incidence ͑ =0°͒ clearly develop voids ͑seam͒ at the bottom of the trenches and overhangs on the top corners similar to the schematic diagram shown in Fig. 1͑a͒ . On the other hand, at the oblique angles = 15°and 30°with substrate rotation, the step coverage and conformality are greatly enhanced and void formation is not observed at these deposition times. The tilt angle values were chosen so that when the flux is incident from the side of the ARϷ 2 trench, the whole sidewall together with half of the bottom ͕ =15°ϳ tan −1 ͓1/͑2AR͔͖͒ or only the sidewall ͓ =30°ϳ tan −1 ͑1/AR͔͒ would be exposed to the incident atoms ͓Fig. 1͑c͔͒. Therefore, with oblique angle flux and substrate rotation, the particles can uniformly reach inside the entire trench surface reducing shadowing effects and resulting in the improved step coverage for OAPVD films. Both orthogonal trenches in our substrates show the same step coverage, which is due to the uniform deposition by substrate rotation. In order to gain more insights into the step coverage phenomenon, we plot in Fig. 4͑a͒-4͑c͒ the thickness evolution of the film at the bottom, d b , and sidewalls, d sw , of the trenches as a function of time for = 0°, 15°, and 30°, respectively. The d b and d sw were measured from the midbottom and midheight points, respectively. We measured the conformality quantitatively using the ratio
where F b and F sw represent the average deposition rates on the bottom and the sidewall, respectively. The experimental R b/sw values for Ru deposited in the trenches for different tilt angles as a function of deposition time is also plotted in Fig.   4 . It is realized that, for normal incidence deposition ͑ =0°͒, the bottom thickness of the trench grows much faster than the sidewalls that leads to a high R b/sw value of 3.7 at 23 min of deposition. The sidewalls actually stopped growing after 7.5 min ͑due to the overhang structure developed at the corners of the top of the trenches͒ while the bottom still grew up to 23 min. At this time an excessive overhang formation closed the opening of the trench that stopped the further growth of the film into to the trench and therefore R b/sw does not change anymore. The films by OAPVD give thicker sidewall that result in the smaller R b/sw values of approximately 2.1 and 1.1 up to 23 min of deposition for = 15°and 30°, respectively. In addition, the R b/sw values for OAPVD at = 15°and 30°r emain approximately constant starting the beginning of deposition. For = 30°we observe that the growth rate at the sidewalls is approximately the same as that at the bottom. This gives a R b/sw value close to 1, the ideal value for conformal coating. For tilt angle Ͼ 30°, the growth rate at the bottom would be smaller and would give R b/sw Ͻ 1. In addition, voids will be developed at the corners at the bottom of the trenches. This can be understood by recognizing that when the incident flux is along the direction perpendicular to the trenches ͓Fig. 1͑c͔͒, it cannot reach the bottom corners. We therefore believe that 30°͓ϳtan −1 ͑1/AR͔͒ is perhaps the largest angle one may want to set for trenches with an AR of 2.
In realistic applications, there is no problem if the bottom thickness is larger than that of the sidewalls as long as no voids are formed. This can be achieved by setting the tilt angle less than 30°. Any angle between 0°and 30°will improve the step coverage compared to that deposited at normal incidence. ͑From practical point of view it is desirable to have a smaller tilt angle.͒ Improvement progressively becomes better as the tilt angle is increased from 0°. Our results showed that with = 15°, the R b/sw value remained approximately constant as the sidewalls and bottom of the trenches grew up to 23 min of deposition. At 30 min, the sidewalls stopped growing but the bottom still grew, which means the overhang structure still did not completely block the deposition of the material into the trenches even at this later stages of growth. Deposition at = 15°would therefore still produce good results.
ANALYTICAL MODEL
Here, we present an analytical approach in order to predict the step coverage values during oblique angle deposition. As discussed before, the range of optimum deposition angles for a trench structure is given as
For example, for an AR= 2 pattern Eq. ͑2͒ gives min Ϸ 14°a nd max Ϸ 27°. We first look at the case of = max . At this angle, when the flux is incident facing one of the sidewalls of the trench, the entire trench bottom surface will be shadowed. However, as the substrate rotates and the direction of the flux becomes parallel to the elongation direction of the FIG. 4 . In these plots we show the measured bottom thickness ͑d b ͒, sidewall thickness ͑d sw ͒, and R b/sw values ͑the ratio of bottom/sidewall film thickness͒ for Ru films deposited in ARϷ 2 trenches at different deposition angles as a function of deposition time. Films deposited by ͑a͒ normal incidence ͑ =0°͒, ͑b͒ = 15°, and ͑c͒ =30°.
trench then the incident flux can reach down to the bottom surface. Therefore, the bottom of the trench will face the flux during approximately at 1 2 th portion of the full rotation. However, this ratio will be 1 4 th for the each sidewall. Therefore, using the deposition rate approximation on tilted planes, we obtain
and
where F is the deposition rate when the flux is incident perpendicularly upon a flat surface and is the additional flux on the sidewalls due to the particles deposited when they approach along the long trench axis. At this stage of the rotation the flux is incident on the sidewall surface at high oblique angles ϳ90°. Therefore, the can be approximated to be similar to the deposition rates on the sidewalls at normal incidence growth ͑F sw,=0°͒ . Due to the substrate rotation the effective rate will be half of F sw,=0°a nd we get
Combining Eqs. ͑3͒-͑5͒, and substituting into Eq. ͑1͒ we obtain
From our experiments we measured F Ϸ 17 nm/ min that is the growth rate of film thickness at normal incidence deposition, and F sw,=0°Ϸ 8.1 nm/ min at initial times of the normal incident growth ͓Fig. 3͑a͔͒. At these initial stages of the growth, the overhang formation is negligible and the effective aspect ratio of the coated trench is still close to the uncoated value of ARϷ 2. Using these experimental values of F and F sw,=0°, Eq. ͑6͒ predicts that R b/sw Ϸ 1.19 for our oblique angle depositions with = 30°͓Ϸ max for AR= 2 from Eq. ͑1͔͒, which agrees well with the experimental value of R b/sw Ϸ 1.20± 0.12 at the initial times of the growth ͓Figs. 1͑c͒ and 4͑c͔͒.
For a trench deposition at = min , the bottom of trench surface would be exposed to the incident flux during the 3 4 th portion of the substrate rotation in average. Therefore, the bottom coverage will grow with
The sidewall growth can be predicted using a similar functional form as Eq. ͑4͒ but this time using min instead of max , and we obtain
Combining Eqs. ͑5͒-͑8͒, and substituting into Eq. ͑1͒ we obtain
ͩt an min + 2F sw,=0°F cos min ͪ , for = min . ͑9͒
In our experiments, = 15°corresponds to Ϸ min for AR= 2 ͓Eq. ͑1͔͒. Therefore, using the experimental values of F Ϸ 17 nm/ min and F sw,=0°Ϸ 8.1 nm/ min, Eq. ͑9͒ predicts the conformality value of R b/sw Ϸ 2.39. This agrees well with the experimental R b/sw Ϸ 2.40± 0.24 value at the initial times of the = 15°growth ͓Figs. 1͑b͒ and 4͑b͔͒.
Equations ͑6͒ and ͑9͒ suggest that it may not be always possible to reach the high conformality value of R b/sw =1 by simply using a fixed value. However, one should be able to dynamically vary the tilt angle during deposition to optimize the sidewall and bottom coverage of the trenches.
Of course, in realistic interconnect structures, one has both trench and via structures. For a via structure, a tilt angle of tan −1 ͑1/AR͒ will give F b Ϸ 0 and R b/sw Ϸ 0. This is because under this condition, only the sidewalls of the vias will be exposed to the incident flux and the bottoms will be shadowed completely, leading to no deposition. If a tilt angle tan −1 ͑1/2ϫ AR͒ is chosen, the incident flux will be able to reach both the sidewall and the bottom of the via. This would be the maximum tilt angle one can apply to obtain both the sidewall and bottom covered. For one complete rotation, the average growth rates normal to the bottom surface and normal to the sidewall would be F b Ϸ F cos / 2 and F sw Ϸ F sin / 2, respectively. This would give R b/sw Ϸ cot . For = 15°, R b/sw Ϸ 3.7. Therefore, for a surface containing both trenches and vias with an aspect ratio of 2, = 15°would be a reasonable choice.
CONCLUSION
In conclusion we have demonstrated by experiments and an analytical approach that oblique angle sputter deposition with substrate rotation can improve step coverage quite dramatically. Combining this strategy with the IPVD techniques may allow us to extend the physical vapor deposition for future advanced interconnect application beyond what can be achieved using the conventional PVD techniques.
